A previous transcriptomic analysis of 3,032 fungal genes identified the Botrytis cinerea PIE3 (BcPIE3) gene to be up-regulated early in planta (A. Gioti, A. Simon, P. Le Pêcheur, C. Giraud, J. M. Pradier, M. Viaud, and C. Levis, J. Mol. Biol. 358:372-386, 2006). In the present study, BcPIE3 was disrupted in order to determine its implication in pathogenicity. BcPIE3 was shown to be a virulence factor, since the ⌬BcPIE3 mutant was blocked during the colonization of tomato and bean leaves, giving lesions reduced in size by at least 74%. Within the emopamil binding domain (EBD), BcPIE3 shows significant structural similarities to mammalian emopamil binding proteins (EBPs). Mammalian EBPs function as sterol isomerases, but an analysis of the sterol content and the results of growth inhibition experiments with the ⌬BcPIE3 strain indicated that BcPIE3 is dispensable for ergosterol biosynthesis. The systematic identification of EBD-containing proteins included in public databases showed that these proteins constitute a protein superfamily present only in eukaryotes. Phylogenetic analysis showed that the ancestral EBD-encoding gene was duplicated in the common ancestor of animals and fungi after the split from plants. Finally, we present evidence that the EBP phylogenetic clade of this superfamily has further expanded exclusively in euascomycetes, especially in B. cinerea, which contains three copies of the EBP gene.
Botrytis cinerea is a ubiquitous fungus capable of infecting a wide range of plants, fruits, and ornamentals at any stage of their development (15, 30) . In order to identify novel pathogenicity determinants, we recently studied the expression profiles of B. cinerea genes during the infection of Arabidopsis thaliana leaves. Among the genes shown to be induced in planta, one called B. cinerea PIE3 (BcPIE3) was found to be highly expressed 24 to 29 h after the inoculation of the fungus onto the plant leaves (18) . To gain insight into early infection events, this gene was further studied.
BcPIE3 showed strong similarity to mammalian emopamil binding proteins (EBPs). EBPs are integral, nonglycosylated proteins of the endoplasmic reticulum membrane, characterized by the presence of four transmembrane (TM) segments forming a binding domain for the drug emopamil, a phenylalkylamine Ca 2ϩ antagonist. This domain is called the emopamil binding domain (EBD). Mammalian EBPs (43, 25) have received increasing attention due to their binding properties. Indeed, the binding of sigma ligands but also of numerous, structurally diverse drugs and fungicides on the EBD (36) exerts anti-ischemic effects in animal models (43) . Mammalian EBPs have been further studied because of a number of syndromes caused by EBP gene mutations, such as the genetic disorder X-linked dominant chondrodysplasia punctata, Conradi-Hünermann syndrome (5, 26) , CHILD (congenital hemidysplasia with ichthyosiform erythroderma and limb defects) syndrome (21) , and the "tattered" mouse phenotype (13) .
According to the above-mentioned studies, the molecular pathology of these syndromes is directly linked to alterations in the biochemical activity of EBPs, characterized as ⌬ 8 -⌬ 7 sterol isomerases (SIs) in mammals (52, 2) and plants (22) . SIs (EC 5.3.3.5) act at one of the last steps of the postsqualene sterol biosynthesis pathway. Interestingly, the EBD is also present in another type of proteins, called EBP-like proteins, which have been identified in vertebrates (47) . The only studied EBP-like protein, the human EBP-like protein, lacks both the SI and the sigma ligand binding activities, despite sharing basic structural features with EBPs. Its function is still unknown (47) .
In this context, we investigated the relatedness of the BcPIE3 protein to human EBP and the EBP-like protein by amino acid sequence and secondary-structure comparisons. Furthermore, we analyzed the expression of the BcPIE3 gene at a prepenetration stage, as well as the virulence and the sterol content of a ⌬BcPIE3 mutant, obtained by targeted inactivation of the gene in the wild-type strain T4 of B. cinerea. Moreover, we searched for sequences coding for the EBD in the B. cinerea genome and other released genomes. The phylogenetic analysis of the identified protein sequences revealed that EBD proteins (EBDPs) constitute a superfamily, which shows specific expansion within the euascomycete phylum. The phylogenetic relationships among eukaryotic EBDPs are discussed below.
MATERIALS AND METHODS
Fungal strains, in vitro cultures, and pathogenicity assays. The wild-type B. cinerea strain T4 was isolated from infected tomato (40) . Wild-type and mutant strains were maintained on solid-medium plates, and cultures in rich liquid ) at 70°C for 2 h. Unsaponifiable lipids were extracted into hexane three times and then purified on silica gel thin-layer chromatography (TLC) plates, as described elsewhere (11) . Dichloromethane was used as the developing solvent (two runs), and the steryl compounds were visualized under UV light (366 nm), after spraying of the TLC plates with a 0.1% solution of berberine hydrochloride in ethanol. The 4,4-dimethyl-, 4␣-methyl-, and 4-desmethylsterol fractions migrated at retention factor (Rf) values of 0.56, 0.47, and 0.38, respectively (see Table 1 ). The silica gel containing these bands was scraped off and eluted with dichloromethane. The 4,4-dimethyl-, 4␣-methyl-, and 4-desmethylsterol fractions were acetylated at room temperature for 15 h by using a mixture of pyridine and acetic anhydride (ratio of 1:2, vol/vol). The steryl acetates were then analyzed by gas chromatography (GC) and GC-mass spectrometry (MS). The GC was fitted with a flame ionization detector and an XTI-5 capillary column (30 m by 0.32 mm), with helium at 9,104 Pa. The oven temperature was 290°C. Cholesterol was used as the standard for relative retention time (RRT) determination and the quantification of steryl compounds. GC-MS analyses were performed with a Ribermag R10-10-C spectrometer. The ionization potential was 70 eV. The components of the fractions were identified from their RRTs and mass spectra.
Drug sensitivity assays of B. cinerea conidia for germ tube elongation measures and of mycelia for radial growth measures were conducted as previously described (38) . Fungal development was monitored over 24 h and 3 to 6 days, respectively. These experiments were repeated at least three times; each repetition comprised two independent assays per strain.
Identification and phylogenetic analysis of EBDPs. tBlastn queries, with two iterations, of the NCBI, the Broad Institute, and the Genolevures (http://cbi.labri .fr/Genolevures/) databases were performed using the BcPIE3 protein sequence as a template. The E value cutoff used for the retention of significant hits was 10
Ϫ18
. Only genomes with coverage of at least 10-fold were kept for analysis, to avoid incomplete-genome-derived biases. As an exception, we included the genome of Sclerotinia sclerotiorum, with sevenfold coverage, because this fungus is closely related to B. cinerea (Sclerotiniaceae family). As there were multiple hits in some genomes, the existence of distinct proteins was verified by pairwise alignments among protein sequences corresponding to the same genome (species) and chromosome/supercontig positioning, when this information was available. Automatic gene annotations were improved manually for seven genes, one of which was not predicted by automatic software Blastx alignment data; FGenesh (http://www.softberry.com) and GeneWise (4) automatic predictions were used for these annotation tasks. Newly determined sequences coded for proteins designated Bcinerea2, Bcinerea4, Anidulans2, Anidulans3, Fgramine1, Fgramine2, and Mgrisea2 in the phylogenetic tree (see Fig. 6 ).
Full-length EBDPs from vertebrates, plants, and fungi were manually aligned with BioEdit 5.0.9 (24) . The phylogeny of EBDPs was inferred by maximum likelihood, and the tree reconstruction was completed using PHYML (23) with the Jones-Taylor-Thornton model of protein evolution (32) , the BIONJ tree as the initial tree, and 500 bootstrap replicates. The discrete gamma model was used to account for variable substitution rates among sites, with four different categories of substitution rates; the gamma distribution parameter, estimated from the data, was 1.21, indicating moderate variation of substitution rates among sites. The proportion of invariable sites was also estimated from the data and was 0.062. For this analysis, ambiguous positions containing gaps were removed from the alignment. We also performed an unweighted maximum-parsimony analysis using PAUP 4.0 software (54) with a heuristic search (tree bisection-reconnection branch swapping; maximum number of trees, 5,000) and 500 bootstrap replicates (simple stepwise addition), as well as distance reconstruction using the PROTDIST program implemented in the PHYLIP package, version 3.6a3 (16) , with the Dayhoff point accepted mutation (PAM) matrix as a distance model and the neighbor-joining algorithm for tree reconstruction. Topologies recovered by parsimony with different coding residues for gaps (positions considered to be either missing or filled by stuffer amino acids or assigned a weight of 1 for a gap's opening but no weight for a gap's elongation) were not significantly different from one another (data not shown).
For the definition of consensus motifs, the alignment of 42 EBDPs was examined; we noted as X the positions for which more than three possibilities of amino acids were available.
Nucleotide sequence accession numbers. The newly determined sequences were submitted to the GenBank database under the following accession numbers: BcEBDP2, EF173622; BcEBDP4, EF173620; Aspergillus nidulans EBDP2, EF173623; Aspergillus nidulans EBDP3, EF173625; Fusarium graminearum EBDP1, EF173624; Fusarium graminearum EBDP2, EF173620; and Magnaporthe grisea EBDP2, EF173626.
RESULTS
The BcPIE3 gene shows maximal expression at the early infection stage. In a previous study, the BcPIE3 gene was shown to be up-regulated in the early stage of Arabidopsis thaliana leaf infections with the B. cinerea T4 strain (18) . Here, we undertook qRT-PCR analysis of cDNAs synthesized from RNA extracted from appressoria of strain T4. The tetraspanin gene BcPLS1 (19) was used as a reference, as the BcPLS1 protein is required for appressorium-mediated penetration (20 Fig. 2A) was carried out using a partial cDNA sequence (GenBank accession no. DQ140394). First, we constructed a plasmid vector (pBcPIE3⌬) in which this cDNA was interrupted after nucleotide 493 by the BAR gene, conferring resistance to bialaphos ( Fig. 2A) . The amplified insert of the pBcPIE3⌬ plasmid was used to transform protoplasts of B. cinerea strain T4. From a total of 100 purified transformants screened by PCR (data not shown), one disruption mutant, called ⌬36, was obtained (Fig. 2B) . For complementation, a plasmid containing the BcPIE3 gene upstream of the hygromycin resistance gene (pBcPIE3Hygro) was introduced by transformation into the genome of the ⌬36 strain with the same procedure. From 15 transformants obtained, one mutant, called cp12, was retained as it contained a single ectopic integration of the BcPIE3 locus.
Disruption of BcPIE3 affects virulence. The ⌬36 mutant showed sporulation and growth rates similar to those of the wild-type strain and the complemented mutant cp12 on plates with rich solid medium (data not shown). The virulence of inactivated and complemented mutants on detached bean and tomato leaves was assessed. On bean leaves, primary lesions appeared at 3 days postinoculation (dpi) with spore suspensions. At this stage, the diameters of the lesions caused by all threshold expression values were normalized with the mean expression value for two constitutive genes and transformed to log 2 prior to clustering. Conditions tested (columns) were as follows: stage of appressorium formation on Teflon filters (see Materials and Methods), three consecutive stages of Botrytis in planta growth on Arabidopsis leaves (early stage, outset of colonization, and complete-colonization stage), and one stage of in vitro growth on a simple medium. These stages, the RNA preparation method, and identities of constitutive genes have been detailed by Gioti et al. (18) . Apart from BcPIE3, additional genes (rows) presented here as controls code for a putative methionine synthase (meth_synthase; AL14398), down-regulated in planta; a fungal tetraspanin named BcPLS1, specifically expressed in appressoria; and an FKBP12 protein, up-regulated in planta at the complete-colonization stage (18).
FIG. 2. Disruption of BcPIE3 gene. (A)
Strategy for disruption. The BcPIE3 gene was interrupted using Seamless technology with a partial cDNA sequence from the T4 strain. Gray boxes represent 5Ј and 3Ј UTRs, and black boxes represent exons. The stop codon (TAG) was located 453 bp upstream of the 3Ј end of the cDNA. For the construction of the pBcPIE3⌬ vector, the BcPIE3 cDNA, except for 38 bp after the 493rd base, was amplified (arrows), and the 38-bp fragment was replaced by the selection marker gene BAR (white box). The insert of pBcPIE3⌬ was amplified before the transformation of wild-type T4 protoplasts. During transformation, homologous recombination with the genomic BcPIE3 sequence (thick lines) gave the ⌬BcPIE3 disrupted mutant ⌬36. Note that the start codon (ATG) was located 163 nucleotides upstream from the partial cDNA sequence used for disruption. (B) Southern blot representing the molecular patterns of wild-type T4, inactivated mutant ⌬36, and the cp12 restored mutant. Genomic DNA was digested with the SacII enzyme and probed with the pBcPIE3Hygro plasmid.
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GIOTI ET AL. EUKARYOT. CELL strains (⌬36, 2.5 Ϯ 1.41 mm; T4, 4.11 Ϯ 1.15 mm; cp12, 3.8 Ϯ 1 mm) did not exhibit any statistically significant differences (Fig. 3A) . The outgrowth of lesions caused by the ⌬36 strain was strongly reduced from this point on, reaching only 3.89 Ϯ 2.85 mm at 9 dpi, while T4 and cp12 lesions reached 36 Ϯ 15.21 and 29 Ϯ 5 mm, respectively (Fig. 3A) . Thus, lesion diameters in infections caused by the ⌬36 mutant were reduced by 89% compared to those in infections caused by the wild type T4. On tomato leaves, the formation of primary necrotic lesions occurred 1 day earlier than that on bean leaves, but the outgrowth of lesions caused by the ⌬36 mutant was reduced to a degree similar to that of lesions on bean leaves (lesion diameter at 7 dpi, 11 Ϯ 6 mm, as opposed to 42 Ϯ 9 mm for T4 lesions and 38 Ϯ 5 mm for cp12 lesions). Lesion diameters in tomato infections caused by the ⌬36 strain were thus reduced by 74% compared to those in infections caused by the wild type T4. Moreover, similar to those in bean leaf infections, the lesions caused by the ⌬36 mutant failed to completely invade the leaf (Fig. 3B) .
Given that the reduction in virulence of the ⌬36 mutant could not be attributed to a general impairment in growth, we then investigated whether this mutant was deficient in a process directly linked to in planta development. To this end, germinating spores of strains T4 and ⌬36 were observed under the microscope to investigate their ability to form penetrating appressoria on onion epidermis. During these experiments, both strains penetrated successfully; no significant differences concerning their penetration rates or efficacy were observed (data not shown). We then compared H 2 O 2 accumulation levels during the infections caused by the wild-type strain T4 and the mutant strain ⌬36. Pathogenicity assays of the two strains on bean leaves were performed, and H 2 O 2 DAB staining was performed for the time period between days 2 and 5 postinoculation. These time points cover the period when the phenotype of the ⌬36 strain is apparent. Interestingly, in contrast to the T4 wild-type stain, the ⌬36 strain was not able to expand beyond the limit of the brown-stained H 2 O 2 area after the third day of infection (Fig. 4) .
Disruption of BcPIE3 does not affect sterol content or fungicide/pharmacophore-mediated toxicity. We investigated whether the BcPIE3 protein is involved in the biosynthesis of ergosterol, the main sterol in most yeast species, such as Saccharomyces cerevisiae, and fungi (58) . To this end, the sterol profiles of unsaponifiable mycelium fractions extracted from 2-day cultures of T4 and ⌬36 strains were analyzed by TLC, GC, and MS. The T4 wild-type strain amounts of 4-desmethylsterols, 4␣-methylsterols, and 4,4-dimethylsterols (Table 1) were similar to those reported previously for other B. cinerea wild-type strains (11) . The sterol profile of the ⌬36 strain did not show any significant variation compared to that of T4 concerning the total or individual levels of sterol compounds (Table 1) .
We next examined the growth of wild-type T4 and the ⌬36 mutant in the presence of fungicides and drugs known to mediate growth inhibition via binding to the yeast and mammalian SIs ERG2 (ergosterol biosynthesis gene 2) and EBP, respectively (45, 44, 36) . Germ tube elongation and mycelial growth on rich-medium plates containing haloperidol, trifluoperazine, and amiodarone and the fungicides tridemorph, piperalin, fenpropimorph, and fenpropidin, respectively, were monitored. Tridemorph and piperalin inhibit mainly the ⌬ 8 -⌬ 7 isomerase activity in fungi (51, 9, 10) , whereas fenpropimorph and fenpropidin inhibit mainly the ⌬ 14 reductase activity but can also FIG. 3 . Pathogenicity assays with the ⌬36 strain. (A) Histogram representing the correlation of the diameters of the lesions caused by the wild-type T4, inactivated mutant ⌬36, and restored cp12 mutant strains at 3 and 9 dpi with fungal spores. Assays were conducted with detached bean leaves carrying droplets containing 1,000 spores of the fungus in a 10 mM NaH 2 PO 4 -10 mM glucose solution. (B) Infected tomato leaves at 5 dpi. The lesions caused by the ⌬36 strain were blocked, in contrast to those caused by the wild-type strain T4 and the complemented mutant cp12, which invaded the leaf.
FIG. 4.
In planta cytological study of the mutant ⌬36. Microscopic view of the fungus-plant interface at 5 dpi with 10 4 fungal spores. DAB staining allows the visualization of hydrogen peroxide (dark brown). The mutant ⌬36 strain (left) and the wild-type T4 strain (right) were compared at actual size (upper panels) and at a magnification of ϫ5.
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on November 3, 2017 by guest http://ec.asm.org/ act on the ⌬ 8 -⌬ 7 isomerase in some fungi (8, 9, 10) . Among the drugs tested in an indirect assessment of binding to the EBD, amiodarone was the most structurally related to emopamil (36) . In the presence of all the above-named toxicants, the growth of the wild-type strain T4 was inhibited, as previously reported for other B. cinerea wild-type field isolates (38) . No significant difference in fungal development between T4 and the ⌬36 mutant was observed, either in evaluations with the above-mentioned toxicants (Table 2 ) or in tests with fungicides inhibiting other enzymes of the ergosterol biosynthesis pathway (data not shown).
BcPIE3 protein features. The BcPIE3 gene has three introns and encodes a 274-amino-acid protein (Broad Institute protein identification no. BCIG_13631.1) with an estimated molecular mass of 31 kDa. A BlastP search of the Conserved Domain Database (42) using the BcPIE3 amino acid sequence as a template allowed the identification of an EBD ranging between amino acid positions 33 and 214 (E value of alignment, 7eϪ33). We further investigated the relatedness of BcPIE3 to two human proteins containing this domain, the EBP and the EBP-like protein, by full-length sequence alignments. BcPIE3 showed 38% identity and 53% similarity to the human EBP and 29% identity and 47% similarity to the human EBP-like protein.
We then focused on the conservation of amino acid residues important for the biochemical functions of EBP. Moebius and colleagues (46) had previously identified 11 amino acids in the human EBP which are critical for ⌬ 8 -⌬ 7 sterol isomerization. Directed mutations in these residues cause 90 to 100% reduction in the sterols produced (Fig. 5) . Six of these residues have been noted to be required for isomerization, and five have been noted to be functionally important. All of them were found to be conserved in BcPIE3. Another feature common among the human EBP and EBP-like protein and BcPIE3 is the high percentages of aromatic amino acids in the TM domains (23% in EBP and BcPIE3 and 18% in the EBP-like protein). This is a characteristic feature of both broad-substrate-specificity transporters (48) and enzymes with activities that imply the stabilization of carbocations, such as the ⌬ 8 -⌬ 7 isomerase (49, 47). The C-terminal sequence motifs KK and KXK in positions Ϫ3 and Ϫ4 and Ϫ3 to Ϫ5, respectively, were previously proposed to constitute endoplasmic reticulum retention motifs (3, 28) . These motifs were detected in all three proteins, but in BcPIE3 the requirement for their position was not fulfilled (Fig. 4) . BcPIE3 protein was predicted to locate at the endoplasmic reticulum membrane according to Protcomp version 6.0 software (http://www.softberry.com). The latest orientation model for the human EBP showed that the protein localizes in the lumen of the nuclear envelope, a specialized subcompartment of the endoplasmic reticulum consisting of inner and outer membranes, nuclear pore complexes, and nuclear lamina (14). BcPIE3 was also predicted to localize in this compartment according to the SVM software (37) .
The hydrophobic profiles of the three proteins were analyzed by standard prediction algorithms TMPred (27) and and by hydrophobic cluster analysis (HCA), permitting the visualization of secondary structures (17, 59) . In these analyses, the three proteins showed significant conservation (Fig. 5) : BcPIE3, the human EBP, and the human EBP-like protein have five predicted TM domains and a central loop between the second and third TM domains. This loop is characterized by the presence of a putative ␤-sheet and an ␣-helix, and the ␣-helix in each protein contained the same amino acid sequence, WKEY. Moreover, similar secondary structures were detected at the same relative positions in the three proteins (Fig. 5) : (i) a mosaic cluster and an ␣-helix at the N terminus; (ii) a putative ␤-sheet between TM domains 1 and 2, clearly visible in the EBP-like protein and present in the as the developing solvent (two runs). For the three main classes of sterols (4-desmethylsterols, 4␣-methylsterols, and 4,4-dimethylsterols), composition values are expressed as percentages of total steryl compounds. The sums of unidentified and minor steryl compounds (occurring at an amount below 0.1) are noted as "other." RRTs for steryl acetates in GC experiments were expressed relative to cholesterol. The sterol composition was determined as 2.8 g mg Ϫ1 (dry wt) and 3.3 g mg Ϫ1 (dry wt) for T4 and ⌬36 strains, respectively. These experiments were performed twice, with no significant variation in results.
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GIOTI ET AL. EUKARYOT. CELL form of a mosaic cluster in the other two proteins (indeed, mosaic clusters are often associated with ␤-sheets [7] ); (iii) an ␣-helix between TM domains 3 and 4; and (iv) an ␣-helix at the C-terminal region. This C-terminal region was notably the most divergent among the three proteins (Fig. 5) . Identification and phylogenetic analysis of eukaryotic EBDPs. In order to obtain an exhaustive data set of EBDPs to which BcPIE3 showed significant similarity, tBlastn iterative queries of public databases were performed. This research resulted in the identification of 42 EBDPs from 22 species: 13 fungi (9 euascomycete and 4 basidiomycete species), 6 vertebrates, and 3 plants. No EBD-encoding gene was found in hemiascomycete, invertebrate, or prokaryotic genomes. In euascomycetes, four EBD-encoding genes were found in the genome of B. cinerea, three were found in each of the genomes of Sclerotinia sclerotiorum, Aspergillus fumigatus, Aspergillus nidulans, Aspergillus oryzae, Fusarium graminearum, and Magnaporthe grisea, and two were found in each of the genomes of Neurospora crassa and Stagonospora nodorum. Two EBD-encoding genes in each of the vertebrate genomes were also identified, as previously reported (47) . Finally, a single EBDencoding gene was detected in the genomes of the basidiomycete species Ustilago maydis, Phanerochaete chrysosporium, Coprinus cinereus, and Laccaria bicolor and of the plants Arabidopsis thaliana, Zea mays, and Oryza sativa.
In order to explore the phylogenetic relationships among In these plots, the protein sequences are written on a duplicated ␣-helical net and the contours of hydrophobic clusters are automatically drawn (boxed). The standard one-letter code for amino acids is used, except for proline, glycine, threonine, and serine, which are represented by stars, diamonds, squares, and squares with a dot, respectively. The positions of TMs are marked with dotted lines. The region between the second and the third TM corresponds to the central loop. The most important hydrophobic clusters (␣h, ␣-helix; ␤s, ␤-sheet; and mc, mosaic cluster) are marked with arrows. Thick blue arrows are used for clusters that are common among the three proteins, thin blue arrows are used for those common between only two proteins, and thin red arrows are used for those found exclusively in one protein. Note that clusters were considered to be groups comprising at least two hydrophobic residues present in at least two of the proteins studied here. The triangle in the central loop region shows the conserved sequence WKEY. Positions of residues which are functionally important or required for in vivo sterol isomerization (46) are illustrated in the amino acid sequence of the human EBP. All of them are present in BcPIE3 and the EBP-like protein, except Tyr 112 , which is absent from the EBP-like protein. The endoplasmic reticulum retrieval motif KXK/KK (positions Ϫ3 to Ϫ5/Ϫ3 and Ϫ4) in the N-terminal regions of the EBP and the EBP-like protein is shown. We noted the same motif in the BcPIE3 N terminus, although the positioning requirement of Ϫ3 to Ϫ5/Ϫ3 and Ϫ4 was not fulfilled.
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on November 3, 2017 by guest http://ec.asm.org/ eukaryotic EBDPs, their full-length amino acid sequences were aligned and the resulting multiple alignment was submitted to different phylogram reconstruction methods using plant EBDPs as an out-group. Two distinct monophyletic clades were resolved regardless of the method used, whether maximum likelihood (Fig. 6) The second clade grouped the remaining fungal EBDPsencoded by gene copies numbering from one to three, depending on the species-together with vertebrate EBPs (bootstrap value ϭ 82; 500 replicates). This clade was designated the EBP clade, after the human EBP (43) . The EBP clade was divided into a highly supported monophyletic lineage formed by vertebrate EBPs (bootstrap value ϭ 84) and a second monophyletic lineage containing euascomycete EBPs (bootstrap value ϭ 71). According to preliminary analyses, the plant EBDPs (treated here as an out-group) were more closely related to the EBP clade.
DISCUSSION

BcPIE3 is a virulence factor required for lesion expansion.
The gene BcPIE3 was a good candidate for a B. cinerea virulence determinant, due to its expression profile in planta, revealed by previous results from both macroarray and qRT-PCR experiments (18) and by in vitro appressorium formation in qRT-PCR experiments in this study. The virulence of the ⌬36 mutant was severely reduced compared to that of the wild-type strain T4 (Fig. 3) . At 7 dpi of fungal spores, the sizes of lesions caused by the ⌬36 strain were reduced by 74% on tomato leaves and 89% on bean leaves compared to those caused by T4. Furthermore, complementation of the ⌬36 mutant restored virulence to wild-type levels, confirming that the observed reduction in the virulence of the mutant was due to the disruption of the BcPIE3 gene (Fig. 3) . BcPIE3 protein participates in the infection process via a yet-unidentified function. Even though the BcPIE3 gene was strongly expressed at the stage of appressorium formation (Fig.  1) , the protein was not related to host penetration, as the mutant penetrated plant tissues normally (data not shown). BcPIE3 protein did not affect the appearance of primary lesions, but its activity was critical for their expansion, since the primary lesions caused by ⌬36 failed to fully invade the leaf (Fig. 3B) . The reduced ability of the mutant to grow through the reactive oxygen species (ROS)-rich region, at the necroticzone edge, further corroborates the hypothesis that the activity of BcPIE3 protein affects the ability of the pathogen to expand in the plant tissues. The mutant seemed, indeed, to be unable to cope with ROS, and this behavior may represent a plant defense reaction. However, more experiments are needed to establish whether the ROS detected in this study originated from the plant or the fungus.
It is noteworthy that the BcPIE3 gene shows maximal expression at the early stage of infection, that is, 24 to 29 h postinoculation (18) , whereas the mutant's phenotype is apparent during the expansion of necrotic lesions. This stage, previously defined as the outset of colonization, occurs at 33 to 48 h postinoculation (18) . These data suggest that the BcPIE3 protein may be fully functional or required only 9 to 19 h after the stage of the gene's maximal expression. This result will be useful for future protein purification experiments with BcPIE3.
Another issue to address in the future is the complete inactivation of the gene. In our experiments, the insertion of the BAR gene for BcPIE3 inactivation occurred after the position corresponding to the 218th predicted amino acid ( Fig. 2A) . This area encodes the C-terminal region after the last TM domain (Fig. 5) . Considering this insertion position, it is likely that the ⌬36 strain expressed a truncated form of BcPIE3 protein and that the reduced pathogenicity of ⌬36 was linked to the problematic maturation and/or localization of the protein rather than its sensu stricto enzymatic or other activity. The generation of a new mutant in which the entire open reading frame has been deleted will permit the confirmation of this hypothesis.
A B. cinerea EBDP. BcPIE3 was compared with the human EBP and the EBP-like protein at the primary-as well as the secondary-structure level by HCA (17, 59) . A three-dimensional structure of EBDPs is, however, unavailable, due to the high hydrophobicity of the EBD, which renders its crystallization a challenging task. These comparisons indicated that the three proteins not only show significant global similarity (47 to 53%) but also have conserved specific features, which are suspected or have been shown to play a role in their activity: the high percentages of aromatic amino acids in the TM regions and the 11 amino acid residues defined to be critical for the catalytic activity of the human EBP (46) . Moreover, the comparison of HCA graphical predictions showed that the hydrophobic profile of BcPIE3 is very similar to the profiles of the human EBP and the EBP-like protein, notably considering the five TM domains and the central loop, as well as the distribution of secondary structures throughout the protein backbone (Fig. 5) . Overall, protein alignments and predicted structure comparisons showed that the human EBP, the human EBPlike protein, and the newly identified BcPIE3 protein share hallmark features of the EBD. BcPIE3 is thus the first characterized EBDP in fungi.
BcPIE3 is dispensable for previously reported functions of EBP (ergosterol biosynthesis and ligand binding). All residues in the human EBP essential for SI activity (46) are conserved in BcPIE3 (Fig. 5) . Phylogenetic analysis further showed that BcPIE3 belongs to the EBP clade (Fig. 6) , whereas bidirectional best-hit BLAST searching (55) indicated that among B. cinerea EBPs, BcPIE3 is the most probable ortholog of the human EBP SI. However, several lines of evidence indicate that it does not play the same role as the human EBP:
First, BcPIE3 protein is dispensable for the biosynthesis of ergosterol, the end product of the biosynthetic pathway and the main sterol in most yeast and fungi. (i) The ⌬36 mutant does not accumulate fecosterol or other ⌬ 8 sterols and produces levels of ergosterol similar to those produced by the wild type T4 under standard conditions (Table 1 ). (ii) The ⌬36 mutant grows similarly to the wild type on standard-medium plates (data not shown). Ergosterol is an essential structural element of the cell membranes, as well as a regulatory component (58) . Therefore, an ergosterol-deficient mutant would be expected to grow more slowly than the wild type and exhibit abnormally branched morphology, as previously shown with Saccharomyces cerevisiae, Ustilago maydis, and Magnaporthe grisea mutants (1, 29, 33) .
Second, the BcPIE3 protein does not mediate drug-and fungicide-related toxicity effects in B. cinerea. The growth of the ⌬36 strain was inhibited to a degree similar to that of the inhibition of the wild-type strain T4 in the presence of fungicides and drugs (Table 2) .
Third, there is a similar example of a protein which, despite sharing basic structural features with EBPs, has no detectable ⌬ 8 -⌬ 7 isomerase or sigma ligand binding activity: the human EBP-like protein (47) . The absence of both activities in the EBP-like protein is in agreement with the hypothesis of Jbilo and colleagues (31) , who suggested that the sterol binding pocket present in the SI constitutes the sigma ligand binding site, regardless of the protein in which this pocket is found. The sterol and pharmacological profile of the ⌬36 strain suggests the absence of both activities in BcPIE3 protein, although biochemical studies with the purified protein are required in order to confirm this hypothesis.
It is tempting to suggest that ⌬ 8 -⌬ 7 sterol isomerization is catalyzed by the B. cinerea ortholog of the yeast ERG2 protein, similar to that in Magnaporthe grisea and Ustilago maydis (29, 33) . A putative ortholog of the ERG2 gene was found in the B. cinerea genome (corresponding to Broad Institute protein identification no. BC1G_03303.1). The redundancy of EBDencoding genes in B. cinerea, as well as the presence of a putative ERG2-like SI, suggests that the effects of the BcPIE3 disruption may have been masked by the activity of the remaining functional B. cinerea EBDPs (Fig. 6 ). It cannot be excluded that BcPIE3 plays a secondary role in the ergosterol biosynthesis pathway or has SI activity exclusively in the context of infection. A first step toward answering these questions may be a complementation experiment with an ERG2 Ϫ yeast strain carrying the ERG2 ortholog gene and each one of the three B. cinerea EBDP genes of the EBP phylogenetic cluster. It may also be interesting to verify whether BcPIE3, shown to VOL. 7, 2008 EUKARYOTIC EMOPAMIL BINDING DOMAIN PROTEINS 375
on November 3, 2017 by guest http://ec.asm.org/ be dispensable for ergosterol biosynthesis, nevertheless conserves the endoplasmic reticulum localization pattern of the human EBP (14), this topology being typical of enzymes of the sterol biosynthetic pathway. The ancestral gene for EBDPs was duplicated in the common ancestor of fungi and animals. The phylogenetic analysis of proteins possessing the EBD showed that vertebrate and fungal EBDPs clustered together into two monophyletic groups (Fig. 6) . The monophyly of the EBP-like clade, previously identified by Moebius and colleagues (47) , is strongly supported, and fungal EBDPs encoded by single-copy genes were related to this clade (Fig. 6 ). All the other fungal EBDPs were more closely related to the vertebrate EBP group. The monophyly of the EBP clade was also well supported (Fig. 6 ). All the genomes of euascomycete species studied here contained at least two EBD-encoding genes, one encoding an EBP-like protein and one or more encoding an EBP. Plant genomes code for a single EBP, and basidiomycete genomes code for a single EBP-like protein, whereas yeasts and invertebrates do not contain any EBD-encoding gene at all. The most parsimonious hypothesis to explain this topology is that a duplication of the EBD-encoding gene took place in the ancestral lineage common to animals and fungi, after the split from plants. In this scenario, the EBD-encoding gene would then have been lost twice in the lineages of yeasts and invertebrates and once in the lineage of basidiomycetes. This hypothesis may be further tested once the genomes of zygomycetes, chytrids, and other species belonging to "intermediate" lineages (between those of ascomycetes and animals) are available.
Expansion of the EBP group: specific to euascomycete species. Of nine euascomycete species studied here, seven contained at least two distinct EBPs, that is, EBDPs that clustered into the EBP clade (Fig. 6) . Moreover, for all euascomycete species, one EBDP systematically fell into the EBP-like clade. Overall, these findings are evidence that an expansion within the euascomycete EBP group took place via a new duplication (or a triplication in the case of B. cinerea). Given that no EBDP genes were detected in the genomes of hemiascomycetes and archaeascomycetes, whereas one EBP-like protein was found in each of the four basidiomycete species, the most parsimonious hypothesis is that the new duplication took place in the common ancestor of euascomycete species. Again, genomic data from lineages situated at the basis of the fungal evolutionary tree are needed to precisely date this probable duplication.
The superfamily of EBDPs: features and definition. The phylogenetic analysis of eukaryotic proteins that possess the EBD showed that these proteins are closely related, despite their apparent biochemical differences. The term EBDPs could be retained in the future, and EBDPs could be classified into the same protein superfamily (minimum identity observed in pairwise alignments, 19%; maximum identity observed, 89%). In view of the new protein alignments and the results of HCA of structures, we propose criteria for the definition of the EBDP superfamily.
The first criterion concerns the hydrophobic structure of the EBD and, more precisely, the systematic presence of five hydrophobic clusters, a common feature of all EBDPs studied here by HCA (data not shown). It is noteworthy that all EBDPs studied so far have been predicted to have only four TM domains based on current prediction algorithms (TMPred and Kyte-Doolittle). However, Hanner and colleagues (25) observed that the connecting loop between TM domains 3 and 4 in mammalian EBPs is highly hydrophobic. Here, HCA, which further permits the visualization of putative secondary structures (7), clearly highlighted the presence of this fifth domain (Fig. 5) . Whether the HCA-predicted fifth hydrophobic cluster is a TM domain needs to be experimentally verified.
The second criterion is the presence of a highly conserved motif, highlighted by protein alignments (Fig. 7) . Moebius and colleagues (46) had previously defined a conserved motif at the central loop between TM domains 2 and 3 of mammalian and plant EBPs, WKEYA/SKGDSRY; they further proposed that this motif is implicated in a proton/water delivery function or in the binding of an ϪOH group. Based on the protein alignment including fungal EBDPs, the consensus sequence for the central loop region becomes W/VXE/VYA/G/SXG/S/ADXRY /W. It is noteworthy that this motif is more conserved among the EBPs than among the EBP-like proteins (Fig. 7) , despite the fact that the EBP clade comprises more proteins due to the expansion of the EBP clade in euascomycetes.
This new consensus motif, derived from the alignment of 42 EBDPs, could be used as a signature for the definition of the superfamily and the assignment of newly identified proteins as members. The most-conserved residues within the central loop region motif (Y, D, and R) (Fig. 5) , as well as two more residues downstream, located in the fourth TM domain of all EBDPs, E 197 and T 200 (positions in the alignment) (Fig. 7) , were defined previously to be critical for sterol isomerization (46) . However, given that probably not all EBDPs are SIs, the consensus motif may not represent a unique biochemical function. The variability of residues within this motif may reflect the evolution of EBDPs toward novel functions. It may be a sign of adaptation to different ligands or different cellular environments.
Evolution of fungal EBPs and their functions: conclusions and questions. Gene duplication with subsequent divergence is the principal mechanism of the emergence of new functions during evolution (41, 34) . On the other hand, inferring protein functions based on phylogenomic analysis can be complicated in the case of protein superfamilies (6) . It will be interesting to further investigate the functional evolution of fungal EBP genes in the future. Our study provides evidence that the fungal EBP clade was subjected to lineage-specific expansion. The EBP phylogenetic cluster contains an additional member(s) in euascomycetes, but in vertebrates, the presence of single copies of EBP genes in the genomes has been conserved. BcPIE3, the first protein of this clade to be characterized, was shown to be dispensable for ergosterol biosynthesis in B. cinerea. If the SI activity in fungi is indeed encoded by ERG2 orthologs, as shown for the euascomycete Magnaporthe grisea and the basidiomycete Ustilago maydis (29, 33) , then fungal EBP genes may have acquired different functions.
A previous systematic analysis of lineage-specific expansions in five eukaryotic genomes showed that those related to organism-specific aspects such as pathogenicity are the most abundant (39) . In the same line, BcPIE3, a member of the expanded fungal EBP clade, is a virulence factor for B. cinerea. We suggest that the BcPIE3 protein has a function related to the interactions with host plants. Functional characterization of EBPs from other pathogenic and nonpathogenic fungi in the future will contribute to an understanding of the grounds of the EBP clade expansion and, more generally, the evolution of the intriguing EBDP superfamily.
